The rise in noncommunicable chronic diseases associated with changing diet and lifestyles throughout the world is a major challenge for society. It is possible that certain dietary components within plants have roles both in reducing the incidence and progression of these diseases. We critically review the types of evidence used to support the health promoting activities of certain phytochemicals and plant-based foods and summarize the major contributions but also the limitations of epidemiological and observational studies and research with the use of cell and animal models. We stress the need for human intervention studies to provide high-quality evidence for health benefits of dietary components derived from plants.
INTRODUCTION
While, remarkably, the world still faces the scourge of severe malnutrition of which a major component is micronutrient deficiencies, changes in diet and lifestyle, increased urbanization, and reductions in physical activity have led to an astonishing rise in noncommunicable diseases, such as type 2 diabetes, cardiovascular disease (CVD), some cancers, and a range of inflammatoryassociated conditions. While the increase in these diet-associated chronic diseases is well documented in Western countries, there is a rapid increase in many other countries within which the health and economic consequences are largely unknown. For example, India has more people with type 2 diabetes than any other country, with an 8% higher age-adjusted incidence than most European countries. Moreover, its onset occurs one or two decades earlier and at a lower obesity threshold than that typically observed in the West, and it is more strongly associated with coronary heart disease (Diamond, 2011) . Enhancing the nutritional quality of plant-based foods through genetic manipulation and molecular breeding is an attractive and potentially useful contribution to tackling these twin global health burdens of micronutrient deficiencies and diet-related noncommunicable diseases (Martin et al., 2011) . Plant-based approaches to alleviating micronutrient deficiencies have been widely advocated by international agencies, such as the Harvest Plus initiative, and well-defined targets in addressing iron, zinc, and vitamin A deficiencies have been agreed upon (Hotz and McClafferty, 2007) . Furthermore, there is evidence that the introduction of orange-flesh sweet potatoes that are rich sources of the vitamin A precursor b-carotene has led to significant health benefits for children in parts of Africa (Low et al., 2007) . By contrast, identifying plant metabolites whose manipulation in fresh and processed foods might have a significant effect in reducing the burden of chronic disease is more challenging, and it is this challenge that is the focus of this review.
In this article, we briefly review three major sources of evidence for the role of dietary plant secondary metabolites in contributing to the prevention of chronic disease: epidemiological studies, the use of animal and cell models, and human intervention studies. The large amounts of data from epidemiological and cell-and animal-based studies contrasts with the dearth of data from human intervention studies with well-characterized plant-based foods, and yet it is the latter that provides the most reliable evidence for health benefits and is the only source of data upon which health claims for novel foods or functional food products can be substantiated. Two of the major limitations in the design and execution of human intervention studies are the lack of validated biomarkers for health status and disease risk and the lack of well-characterized and contrasting plant foods required to test hypotheses for the health-promoting activity of specific plant metabolites. In this review, we describe the context within which nutrition scientists seek to gain evidence for health promoting benefits of specific foods and their chemical components and provide a critical review of existing approaches to acquire evidence for health benefits of specific plant compounds.
EPIDEMIOLOGICAL STUDIES
Evidence from epidemiological studies that correlate dietary intake of fruit and vegetables or specific food components with health is frequently quoted to justify the manipulation of dietary metabolites to enhance the nutritional quality of foods. There are two major types of epidemiological studies, both of which have important contributions to make: retrospective case-control studies and prospective cohort studies. Sometimes, a casecontrol study is nested within a larger cohort study and may be referred to as a case-cohort study. Both of these types of studies depend upon dietary assessment through, for example, food frequency questionnaires that depend upon accurate recall of diet, which is itself challenging. A few studies have sought to use biomarkers of intake, such as urinary isothiocyanates as a measure of cruciferous vegetable consumption (London et al., 2000) , total urinary polyphenols (Medina-Remó n et al., 2011) , and serum carotenoids (Karppi et al., 2009; Beydoun et al., 2011) . However, while the use of biomarkers may be more quantitative, they are likely to provide only a snapshot of diet as opposed to habitual intake.
The majority of studies undertaken from 1970 to 2000 were retrospective case-control studies, and many of these reported inverse associations between diets rich in fruit and vegetables in general, or particular classes of foods and secondary metabolites that occur in these foods, and the risk of cancer and CVD. Typically, case-control studies consider the retrospective analyses of diet through the use of food frequency questionnaires of several hundred people who have a disease, such as cancer, with a similar number of healthy matched controls. It is these studies that provided the evidence for the widespread dietary advice to consume several portions of fruit and vegetables per day to promote health. Case-control studies, however, suffer from two major problems. First, they can only provide an estimate of relative, as opposed to absolute risk, and thus can give a misleading impression of health benefits (Pearce, 1993; Deeks, 1998) . Second, selection of the control group is complex and challenging (Lubin and Gail, 1984) , particularly as diets rich in fruit and vegetables are often highly correlated with other lifestyle attributes and socioeconomic status. Furthermore, there may have been a historical bias in the reporting of studies that have a positive outcome, as opposed to those that find no association between diet and health, although many journals are now more prepared to publish reports of negative outcomes. However, compared with prospective cohort studies, case-control studies are relatively inexpensive and can be completed in a shorter time.
More recently, outputs from several much larger prospective cohort studies have been reported. These typically involve several thousands, or hundreds of thousands, of individuals whose diet and other lifestyle factors are monitored over a period of decades. Notable examples are the U.S.-based Nurses' Health study, initially established in 1976 (Belanger et al., 1978) , but with recruitment of additional cohorts in 1989 and 2010, the Health Professional's Follow-Up Study established in 1986 (Grobbee et al., 1990) , and the European Prospective Investigation in Cancer and Nutrition (EPIC), which has recruited over 520,000 people in 10 European Countries (Riboli and Kaaks, 1997) . Within these studies, the incidence of disease has been correlated with diet and other lifestyle factors. In general, many of these large cohort studies have provided less support for an inverse relationship between fruit and vegetable consumption and overall cancer risk (Boffetta et al., 2010) , although there is continuing support for relatively small protective effects of certain dietary components against cancer at specific sites (Gonzalez and Riboli, 2010) . Metaanalyses of cohort studies, however, continue to support the inverse association between fruit and vegetable consumption and risk of CVD (Dauchet et al., 2006; He et al., 2006) .
The large number of both case-control and cohort epidemiological studies facilitates the ability to cherry-pick studies that provide evidence of the importance of a particular food or food component in the diet, and it is often challenging for the nonspecialist to evaluate the quality of a particular study and how much weight should be given to its findings. Differences in outcomes of apparently similar studies are not restricted to the smaller case-control studies, as conflicting results have also been reported in large cohort studies. For example, fiber in the diet has been advocated as a preventive agent for colon cancer, and one may expect that this matter could be resolved through epidemiological evidence. However, while analyses of the EPIC cohort study in Europe concluded that a doubling of intake of dietary fiber in populations with low average intake of dietary fiber could reduce risk of colon cancer by 40% (Bingham et al., 2003) , similar studies in the United States, Finland, and Sweden concluded that high dietary fiber was not associated with reduced risk of colon cancer (Fuchs et al., 1999; Pietinen et al., 1999; Terry et al., 2001) . This difference may be due to contrasting consideration of other confounding factors that may influence colon cancer, such as smoking and the consumption of red meat, folate, and alcohol within the studies (Bingham, 2006) , illustrating the complexity of interpreting epidemiological data.
A further example of the difficulties in the interpretation of epidemiological studies concerns the role of tomato and tomatobased products in the reduction of risk of prostate cancer and the possible involvement of lycopene. Following petitions for health claims on tomato and lycopene, the U.S. Food and Drug Administration (FDA) reviewed evidence from 18 epidemiological studies that sought to correlate consumption of tomato or tomato-based products with risk of prostate cancer (Kavanaugh et al., 2007) . Two of these studies were disregarded due to lack of validation of the food frequency questionnaire or the clinical endpoint, while three were disregarded as they presented a reanalysis of previously published data. Of the remaining 13 studies, nine were casecontrol studies or case-cohort studies, of which six found no association between tomato consumption and three found an association. Two were ecological studies that sought to correlate country-wide incidence of prostate cancer with tomato consumption, neither of which found an association. The remaining two were large prospective cohort studies, both of which suggested that there was an inverse correlation between relatively high tomato consumption and risk of prostate cancer. The FDA subsequently allowed a health claim stating that "Very limited and preliminary scientific research suggests that eating one-half to one cup of tomatoes and/or tomato sauce a week reduces the risk of prostate cancer. FDA concludes that there is little scientific evidence supporting this claim." The FDA also concluded that there was no evidence that lycopene reduced the risk of prostate cancer. Subsequent epidemiological studies have sought to correlate either lycopene supplement use or serum lycopene levels with prostate cancer incidence in prospective trials and have found no relationship (Karppi et al., 2009; Beilby et al., 2010; Kristal et al., 2010) . Thus, while there is limited epidemiological evidence for tomato consumption in reducing risk of colon cancer, the bioactive components responsible for this remain unknown.
The majority of the larger case-control and cohort studies that seek to assess the role of diet in reduction of chronic disease frequently will analyze not only total fruit and vegetable consumption, but different categories of fruit and vegetables, and through integration with food compositional databases can also investigate individual chemical components. In this manner, more specific targets can be identified for plant scientists to focus upon. For example, there is much interest in how diet may influence the occurrence of type 2 diabetes, and diets rich in fruit and vegetables have been advocated as one component of lifestyle interventions to reduce risk. A recent study undertook a meta-analysis of all prospective cohorts that measured fruit and vegetable consumption and type 2 diabetes incidence and concluded that while there was no evidence for a preventive effect of fruit and vegetables in general, there was a statistically significant inverse effect of consumption of green leafy vegetables and diabetes (Carter et al., 2010) . One problem with interpreting these data is that the various studies included in the meta-analysis used somewhat different definitions of leafy green vegetables and that from a botanical perspective there was no consistency with respect to plant families that may provide insight into potential bioactive components. This increases the challenge of identifying the bioactive components of these vegetables, which might include, among others, b-carotene or a-linolenic acid. A somewhat similar example is a prospective cohort study that sought to investigate the relationship between fruit and vegetable intake and the risk of prostate cancer. While total fruit and vegetable consumption was not related to prostate cancer risk, there was an association between increasing vegetable consumption and aggressive forms of prostate cancer (Kirsh et al., 2007) . This association was mainly explained by intake of cruciferous vegetables, which contain glucosinolates and their bioactive derivatives.
Diets rich in fruit and vegetables have been associated in several epidemiological studies with reduction in CVD, and flavonoids that are present in significant amounts in many fruit and vegetables have been implicated. A recent study sought to associate specific subclasses of flavonoids, as opposed to types of foods, with the incidence of hypertension within three U.S.-based cohort studies through the use of databases of flavonoid content of foods maintained by the USDA. Anthocyanins and some flavone and flavan-3-ol compounds were associated with a modest reduction in hypertension, and it was suggested that this may result from similarities in the chemical structure of these compounds . Moreover, it has been shown that the total levels of polyphenols in the diet assessed through urinary analysis rather than a dietary assessment is inversely associated with blood pressure and hypertension (Medina-Remó n et al., 2011) .
While many factors complicate the interpretation of epidemiological studies, there is also a limitation to the extent of resolution that this type of evidence can provide. Hence, to provide convincing evidence of the health-promoting activity of particular foods and their chemical components, epidemiological data are often complemented with that obtained from experimental studies with cell and animal models. However, such studies present many challenges in interpretation and extrapolation to humans.
CELL AND ANIMAL MODELS FOR HEALTH-PROMOTING AND DISEASE-PREVENTING ACTIVITY OF PHYTOCHEMICALS
Studies to determine biological efficacy of specific phytochemicals and plant-based foods that have been implicated in epidemiological studies involve experimentation with in vitro and in vivo systems. These aim to determine the bioactivity of the pure compound, a plant extract or plant-based food, and may be used to test their potential effects within cell and animal models of specific human diseases. The types of models used and the progressive approach from cells to animal models as a prerequisite to human studies is largely based upon the approach adopted within the pharmaceutical industry. However, there are several important differences in assessing the activity of a candidate drug as opposed to the activity of dietary phytochemicals, the most notable of which is the need within the former to establish toxicity as a prerequisite for human studies.
Advantages of Cell Models
Cell models offer an appealing and ethical alternative to animal experimentation for initial efficacy and mechanistic studies. They can provide an indication of biological activity for the phytochemical in question, which can be used to design animal experiments with the least number of animals necessary to test hypotheses of bioactivity. The main advantage of the use of in vitro cell models is practical convenience, such as ease of culturing, their relatively low cost, and moderate throughput capabilities. Moreover, it is relatively easy to alter gene expression to test specific hypotheses concerning mechanisms of action of phytochemicals. Culture of homogeneous cell lines isolated from various tissues offers simplicity and the possibility to observe effects of dietary factors in well-defined and wellcontrolled environments. This allows for better reproducibility of responses within an experiment and replication between experiments. There is a vast selection of cell lines that can be used for efficacy experiments, available mainly from two biorepositories, the American Type Culture Collection, which holds over 3500 cell lines, and the European Collection of Cell Cultures, which holds more than 1100 cell lines. Cell models are relatively easy for many biochemical and molecular scientists to use, with few ethical and regulatory issues compared with the use of animal and human studies.
Cell line experiments are particularly relevant for initial studies on understanding mechanism of disease prevention by plant products. For example, the mechanistic basis for the bioactivity of sulforaphane, a secondary plant product derived from broccoli, has been extensively studied in cell models since its identification in the early 1990s (Zhang et al., 1992) . Twenty years on, through the use of cells from different cancerous tissues, macrophages, and endothelial tissue, multiple mechanisms appear to be induced by sulforaphane, including suppression of phase 1 enzymes (i.e., mainly cytochrome P450 enzymes that activate a xenobiotic through the addition of a reactive group such as a hydroxyl radical), induction of phase 2 detoxification enzymes (i.e., enzymes that catalyze the conjugation of the activated xenobiotic with such compounds as glutathione, glucuronic acid, or sulfate, thereby reducing potential toxicity), induction of apoptosis, cell cycle arrest, inhibition of histone deacetylation, anti-inflammatory properties, binding to proteins, and interaction with extracellular signaling molecules (Juge et al., 2007; Mi et al., 2007; Shan et al., 2010; Youn et al., 2010) . Some of these mechanisms have also been shown to occur in animal models (Juge et al., 2007) . Whether these mechanisms also occur in vivo at physiological concentrations largely remains to be investigated. Similar studies have been undertaken with many other potentially bioactive dietary compounds.
While cell lines from a variety of tissues have been used to explore the biological activity of plant-derived metabolites, hepatic and intestinal cell lines have also been used to explore human metabolism of plant compounds and transport across the gut epithelium. For example, the Caco-2 cell line was isolated from human colon adenocarcinoma tissue in the late 1970s and since then it has been a valuable tool in studies on absorption of drugs and phytochemicals (Fogh et al., 1977) . Culture of Caco-2 cells under conventional conditions makes these cells a model of colon cancer that has been used extensively in determining potential cancer preventive properties of various phytochemicals and plant-derived products (Zhu et al., 2002; Traka et al., 2005 Traka et al., , 2009 McDougall et al., 2008; Savini et al., 2009) . However, it is the property of these cells to differentiate into functional small intestinal cells that has made them a useful model in predicting intestinal absorption. When Caco-2 cells are grown as a monolayer for more than 21 d under confluent conditions, they become polarized and adopt morphological and biochemical characteristics of normal enterocytes, with characteristic dome formations and expression of intestinal specific enzymes, such as sucrase isomaltase and alkaline phosphatase (Pinto et al., 1983; Grasset et al., 1984; Hidalgo et al., 1989; Hara et al., 1993) . For this reason, Caco-2 cells have been used extensively to model absorption of phytochemicals (Whitley et al., 2003; O'Sullivan et al., 2010; Richelle et al., 2010) as well as their interaction with drug absorption (Reboul et al., 2005; Chen et al., 2009; SolerRivas et al., 2010) .
Limitations of Cell Models
Despite the benefits of using cell lines, there are important limitations that must be considered before interpreting an in vitro cell experiment designed to prove efficacy of plant-derived products. One of the most important issues is the types of metabolites to which the cells are exposed. Within plants, many secondary plant metabolites are glycosylated. Following consumption, they are frequently deglycosylated within the lumen of the gut or the gut epithelium prior to further phase 2 metabolism either within the enterocyte or the liver, resulting in a range of metabolites within the systemic circulation to which tissues are directly exposed. For example, following degylcosylation, the flavonoid quercetin is metabolized to quercetin sulfate and quercetin glucuronides, which may also become methylated (Figure 1 ). The quercetin aglycone itself is not present in the plasma, and yet this is the compound to which the majority of cells are exposed. Several studies have shown that the bioactivity of quercetin aglycone is distinct from its various metabolites (Lodi et al., 2009; Winterbone et al., 2009 ). This type of exposure of mammalian cells to plant metabolites that they would never encounter in vivo is a major problem with assessing biological activity and defining plant targets for manipulation. It is also noteworthy that the antioxidant activity of many phytochemicals, notably flavonoids, is based largely upon the in vitro activity of the aglycone. Metabolites that are actually found within the systemic circulation commonly have much lower levels of antioxidant activity (Janisch et al., 2004; Rimbach et al., 2004; Shirai et al., 2006) .
In a somewhat analogous manner, many other phytochemicals are extensively metabolized by the gut microbiota prior to absorption, so again the compounds in the systemic circulation to which cells are exposed are different from those obtained directly from the plant and to which cell models are frequently exposed in vitro. These include such flavonoid compounds as anthocyanins and flavan-3-ols for which there is increasingly good epidemiological evidence of health benefits, as described above. In addition to biological difficulties with cell models, there are also many practical issues, such as maintaining appropriate environmental conditions and modeling in vitro exposure to lipophillic compounds, such as carotenoids. A further issue is the tendency for experimental scientists to expose in vitro cell cultures to concentrations of plant-derived metabolites far in excess of the levels that are present in the systemic circulation. This can result in the description of a range of biological activities of dietary compounds that may be of value within a pharmaceutical context but is of little relevance to normal dietary intake. Indeed, one of the major challenges in this field of research is to elucidate how transient exposure, typically for a few hours, of human tissues after a meal to low levels of dietary phytochemicals within the systemic circulation can be of biological significance.
Inherent characteristics of cells in culture can also prove problematic in understanding bioactivity. There are two main types of animal cell lines, primary cells and immortalized cells. With the exception of some cells isolated from tumors, primary cells isolated directly from healthy tissue have a finite doubling potential, called the Hayflick limit, when cells undergo senescence and stop dividing (Hayflick, 1965) . Immortalized cells, on the other hand, have acquired the ability to proliferate indefinitely either through naturally occurring oncogenic mutations, as in cells isolated from tumors, or deliberate modification, such as induction of an oncogene or loss of a tumor suppressor gene. The most common modification is through simian virus 40-mediated induction of the large T-antigen (Colby and Shenk, 1982) . However, such transformed cells typically exhibit significant alterations in physiological and biological properties. Most notably, these cells are associated with aneuploidy, epigenetic changes, spontaneous hypermutability, loss of contact inhibition (the characteristic of healthy cells to arrest growth in response to contact with other cells), and alterations in biochemical functions related to cell cycle checkpoints, such as Rb, p53, and pp2A proteins (Huschtscha and Holliday, 1983; Rö scheisen et al., 1994; Velicescu et al., 2003; Ahuja et al., 2005) .
Additionally, cell culture of homogeneous cell types is far removed from the in vivo situation, where the original tissue exists in the presence of multiple other neighboring cell types and interacts with them through paracrine signaling. For example, in prostate tissue the cytokine transforming growth factor-b, produced by stromal cells, supports tumor growth in adjacent epithelial cells, but tumor growth is not sustained in the absence of transforming growth factor-b signaling (Verona et al., 2007) . Features of the cell culture technique may also affect how representative the response of cells will be to the in vivo situation. This is because cultured cells are not maintained under hypoxic conditions as would happen in vivo, and furthermore, they are cultured in the absence of the original blood circulation, which supports growth but also circulates important factors, such as signaling molecules and hormones.
One way to avoid the problems caused by the absence of a representative microenvironment is to culture whole tissues ex vivo through organ/tissue culture. Organ culture maintains the biologically relevant structural and functional features of in vivo tissues, which overcomes the limitations of single homogeneous cell culture. However, tissues exhibit very short lifespan and are therefore not suited for longer experiments. Availability of tissue is also an issue that prevents their use in medium-to highthroughput analyses of biological efficacy. Nevertheless, they can be valuable in understanding biochemical processes in response to plant secondary metabolites (Mehta and Lansky, 2004; Papini et al., 2004; Moronvalle-Halley et al., 2005; Konsue and Ioannides, 2010) .
Advantages of Animal Models
Animal models are widely used to explore the biological activity of dietary phytochemicals, with the expectation that the protective effects and mechanistic insights gained might be extrapolated to humans. For this purpose, a plethora of animal models is used that attempt to recapitulate human disease. One of the main advantages of the use of animals, especially mice, to model responses in nutritional studies is the high degree of orthology between mice and humans; the proportion of mouse genes with a single identifiable ortholog in the human genome is ;80% (Waterston et al., 2002) . This makes the mouse an ideal model to investigate environmental and genetic manipulation rarely feasible in humans. The small size and short gestation and life span of rodents make them amenable to rapid breeding of a large number of animals and, consequently, the feasibility of many studies in a relatively short period. Preclinical experiments with animal models can thus be performed in relative short time periods, enabling the chronic study of disease response to nutritional manipulation and providing invaluable pharmacological, toxicological, and biological data that may predict the clinical efficacy of dietary compounds. Genetic homogeneity between animals and the lack of influence of variable environmental factors during these experiments also facilitates these studies. Additionally, it is possible to perform a comprehensive analysis of the disease response through proteomics, transcriptomics, and metabolomics analyses, crucially both pre-and postmortem. These analyses make animals particularly suited for studies that attempt to establish mechanisms of action for a specific phytochemical and have been an invaluable tool in deciphering the molecular pathways involved in the response to phytochemicals.
Limitations of Animal Models
Despite the extensive use of animals in nutrition research, it is important to recognize the limitations of these models. A recent systematic review of 76 highly cited animal studies that assessed preventive or therapeutic interventions published in seven leading scientific journals of high impact factor found that only a minority were replicated in human randomized trials (Hackam and Redelmeier, 2006) . The main limitation is that despite the fact that animal models in preventative studies are selected because they present similar characteristics to the disease under investigation, they never exhibit identical morphological, physiological, or biochemical characteristics. For example, the PTEN knockout mouse prostate model (Wang et al., 2003) , described in more detail below, exhibits disease progression similar to humans but at vastly accelerated rates, equivalent to men getting prostate cancer in late adolescence as opposed to typically late in life (Luchman et al., 2008) , whereas the TRAMP mouse prostate cancer model progresses at a slower rate but the cancer is of neuroendocrine origin compared with epithelial origin seen in humans (Greenberg et al., 1995) . The APC min mouse model of colon cancer, used widely in cancer prevention studies, differs from humans as tumors are frequently found in the small intestine, which is rare in humans, as opposed to the colon itself (Fodde et al., 1994) . Additionally, differences in immune system development, activation, and response to challenge between rodents and humans (Mestas and Hughes, 2004) will inevitably affect translation of responses to humans.
Another major limitation of animal studies particularly relevant for nutritional research is the difference between humans and rodents in the absorption and metabolism of dietary phytochemicals. Following ingestion, small animals exhibit more rapid gastric emptying, which affects absorption (e.g., 10 min in rodents compared with 1 h in humans in the fasting state) (Campbell, 1996) . Binding of compounds to components in blood, such as glutathione, also tends to be more efficient in humans compared with other species, meaning there are lower circulating levels of free active unbound phytochemicals able to reach different tissues. Metabolic degradation also varies between humans and animals. In the liver, where the majority of detoxification occurs, phase 1 cytochrome P450 enzymes (CYPs) are responsible for catalyzing the oxidation of organic substances, including ingested food products and drugs, thus facilitating their metabolism and excretion through the subsequent activity of phase 2 detoxification enzymes. We now know that there are important differences, not only in the amount for CYPs present in different species (the CYP2C family is larger and more complex in mice than in humans, whereas CYP3A is the most important of all human CYPs) but also in the substrate specificities of some CYPs, such as CYP2A, CYP2B, and CYP2C (Martignoni et al., 2006) . Metabolic rates between species are also different; for example, small animals clear drugs and chemicals faster than humans, primarily because of faster blood flow and proportionally larger organs (Campbell, 1996) , which makes identification of the human equivalent dose from an animal study also challenging.
Importantly, most animal experiments involve the use of highly inbred strains of mice, which, due to their genetic homogeneity, are expected to respond similarly when exposed to phytochemicals. This is a double-edged sword; although mouse models remove the real genetic variation in natural populations, which can confound the results and conclusions of experimental measurements, at the same time they are not representative of the genetic variation exhibited in humans. Also, rodents will express alleles that are not necessarily the most dominant human equivalents or the exact human functional orthologs.
Types of Animal Models
Appropriate models used for nutrition studies include (1) genetically modified mice, through either a disease-driven directed approach, where a known human disease-causing gene is identified and the corresponding gene in the mouse is targeted for genetic modification, or a mutagenesis-driven nondirected approach, where genetic modification in mice leads to a phenotype that resembles human disease (Semsarian, 2009 ); (2) syngeneic models, where disease is induced mainly by external stimuli such as chemical or surgical intervention; and (3) xenogeneic models, mainly used in cancer prevention studies, where xenografts of human origin are injected into the host either subcutaneously (unnatural site) or orthotopically (primary tumor source site) (de Jong and Maina, 2010) . A few examples of animal models used to study the health benefits of phytochemicals are presented below.
Animal Models for Studies on Cancer Prevention
Cancer prevention is a favorite target for claims related to the bioactivity of plant-derived products, not least due to the appealing potential that cancer might be prevented by a simple modification of diet without the use of drugs. An example of mice genetically engineered by a directed approach used for studies on bioactivity of phytochemicals is the prostate-specific PTENnull mouse model. PTEN deletion in an epithelial stem cell can be an early initiating event leading to prostatic intraepithelial neoplasia, a precursor of the disease, and subsequently to cancer in humans (Wang et al., 2006 (Wang et al., , 2009 . Excision of the PTEN gene in mice is achieved in a spatio-temporal manner by the use of the Cre/loxP system, where transcription of Cre4 recombinase is driven by a prostate-specific promoter and loxP sites flank the PTEN gene (Wang et al., 2003) . Recently, the dietary isothiocyanate sulforaphane derived from broccoli was shown to suppress transcriptional changes induced by the PTEN deletion in this model as well as inducing additional changes in gene expression in PTEN null tissue, which could partly explain the epidemiological evidence for a reduced risk of prostate cancer in people with high consumption of cruciferous vegetables (Traka et al., 2010) . Although no histological differences were seen compared with mice on control diet lacking sulforaphane, this could potentially be due to the aggressive nature of disease progression in this model as discussed above. In TRAMP mice, another well-documented model of prostate disease in which expression of the oncogene SV40 is driven by a prostate-specific promoter, both tomato (Pannellini et al., 2010) and lycopene (Konijeti et al., 2010) , a putative bioactive ingredient of tomatoes, were shown to reduce significantly the incidence of prostate cancer, although certain tomato preparations were shown to have no effect (Konijeti et al., 2010 ).
An example of nondirected approach to generate genetically engineered mice used to establish health benefits of phytochemicals is the adenomatous polyposis coli (APC) min mouse model. Mice highly susceptible to spontaneous intestinal adenoma formation carrying the APC min mutation were identified in the progeny of a C57BL/6J male mutagenized by ethylnitrosourea. When the diet of APC min mice was supplemented with an anthocyanin-rich red grape extract, the overall adenoma burden was halved and this was associated with reduced Akt expression, an important cell signaling molecule driving cell proliferation (Cai et al., 2010) . Similarly, green tea polyphenols and epigallocatechin-3-gallate decreased tumor incidence and multiplicity in this model significantly and induced molecular events that contributed to cancer prevention (Hao et al., 2007) .
Syngeneic rodent models used extensively for studies on prevention of cancer include 7,12-dimethylbenz(a)anthracene (DMBA)-induced mammary tumors in rats, shown to be reduced by the isoflavones genistein and daidzein (Mishra et al., 2009 ), DMBA-induced skin tumors in mice, alleviated by topical application of sulforaphane (Xu et al., 2006) or resveratrol (Yusuf et al., 2009) , and lung tumors in mice induced by combined administration of the tobacco smoke carcinogens benzo[a]pyrene and 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone, shown to be reduced by phenethyl isothiocyanate, sulforaphane (Conaway et al., 2005) , and indole-3-carbinol (Kassie et al., 2007) .
Xenogeneic models are also used routinely to exhibit growth suppression of human cancer cells in immunodeficient nude mice. Examples include growth suppression of human non-small cell lung cancer cells by grape seed proanthocyanidins (Akhtar et al., 2009 ) and pancreatic tumor xenografts inhibited by curcumin combined with omega-3 polyunsaturated fatty acids (Swamy et al., 2008) .
Models for Studies on Prevention of CVD
Animal models of CVD have focused on genetically engineered rodents because diets supplemented with cholesterol as high as 10% w/w are not usually sufficient to create significant hypercholesterolemia and subsequent atherosclerosis in healthy rodents, unlike in humans. This resistance to atherogenesis is likely due to the difference in lipid metabolism of normal rats and mice, which carry the majority of cholesterol in high-density lipoprotein rather than low-density lipoprotein, as do humans (Bergen and Mersmann, 2005; Russell and Proctor, 2006) . Studies in nutritional research using genetically engineered mouse models of CVD to determine efficacy of phytochemicals in prevention of atherosclerosis, mainly are based on knockout ApoE 2/2 mice. ApoE 2/2 mice have high total plasma cholesterol concentrations and exhibit atherosclerosis largely confined to the aortic root area or more widely distributed atherosclerosis when they are on a high-cholesterol diet, which makes them an appropriate model of human CVD (Lutgens et al., 1999) . ApoE 2/2 mice fed an atherogenic diet supplemented with an anti-inflammatory dietary mixture containing resveratrol, lycopene, catechin, vitamins E and C, and fish oil showed a substantial reduction in the development of atherosclerosis (Verschuren et al., 2011) . Similar results have been obtained with red wine polyphenols (Waddington et al., 2004) and pomegranate juice (Aviram et al., 2000) .
Another model of human CVD is the JCR:LA-cp rat, which develops an extreme obese/insulin resistant and atherosclerosisprone phenotype with spontaneously arising ischemic lesions of the heart that resemble the atherosclerosis commonly seen in human coronary arteries (Russell et al., 1998) . Diet supplemented with prebiotic fiber lowered serum cholesterol levels in these rats (Parnell and Reimer, 2010) .
Finally, surgically induced myocardial infarction in rats has been used as a syngeneic model for the prevention of CVD. In this model, curcumin (Morimoto et al., 2008) , a broccoli diet (Mukherjee et al., 2010) , and sulforaphane administration (Piao et al., 2010) were found to inhibit myocardial hypertrophy, improve systolic function, and reduce myocardial infarction.
Models for Studies on Prevention on Metabolic Syndrome and Type 2 Diabetes
Models for metabolic syndrome are increasingly sought after, as this complex cluster of abnormalities that include insulin resistance, visceral adiposity, atherogenic dyslipidemia, and endothelial dysfunction, all of which are associated with obesity, is also a risk factor for type 2 diabetes and CVD (Huang, 2009 ), but possibly more amenable to amelioration through dietary change than these more advanced disease states. There are several animal models of metabolic syndrome relating both to the pathophysiology of metabolic syndrome and its associated diseases (Kennedy et al., 2010; Varga et al., 2010) . The most commonly used in nutritional studies include diet-induced obesity in rodents, leptin-deficient (Lep ob/ob ), and leptin receptordeficient (LepR db/db ) mice.
Diet-induced obesity is achieved when otherwise healthy rats and mice are allowed ad libitum access to a high-fat diet, thus developing obesity, hyperinsulinemia, hyperglycemia, and hypertension (Collins et al., 2004) . This pathology has been successfully reduced by simultaneous addition in the diet of plant-derived preparations, such as pomegranate seed oil (Vroegrijk et al., 2011) , grape skin extract (Hogan et al., 2011) , blood orange extract (Titta et al., 2010) , barley b-glucan , anthocyanins from cherries (Jayaprakasam et al., 2006) , and green tea (2)-epigallocatechin-3-gallate (Lee et al., 2009 ).
Leptin is a protein that functions as a hormone regulating feed intake and energy expenditure and is expressed predominantly in adipose tissue. Both Lep ob/ob and LepR db/db mice have nearly identical metabolic profiles, demonstrating obesity, hyperinsulinemia, hyperglycemia, and elevated total cholesterol levels (Kennedy et al., 2010) . Green tea (Richard et al., 2009 ) and curcumin (Weisberg et al., 2008) are among some of the dietary interventions shown to reduce the severity of diseased phenotype in these models.
Thus, despite many limitations, animal models have been widely used to provide evidence for the health-promoting and disease-preventing activity of a wide range of dietary phytochemicals. However, there is considerable skepticism within the nutrition community of the ability to extrapolate from animal studies to humans, although we consider that they serve an important role to gain insight into underlying mechanisms. For example, the European Food Safety Authority, which regulates health and function claims associated with either food components or specific foods, does not consider health claims unless they contain evidence from human intervention studies.
HUMAN INTERVENTION STUDIES
Complementing both epidemiological data and the use of animal and cell models, there are data from human intervention studies. These can be loosely grouped into two major classes. First, there have been a relatively small number of large scale prospective trials with dietary supplements, mainly based upon the antioxidant hypothesis of bioactivity, with primary endpoints of predominantly lung and prostate cancer, and secondary endpoints of cancer at other sites and CVD. Second, there has been a larger number of shorter term studies that have focused on dietary interventions with supplements, specific foods and diets, and mainly biomarkers of cardiovascular risk as opposed to clinical endpoints. Design of intervention studies with specific foods or dietary manipulation is complex and challenging. It is not possible to adopt the classic double-blinded randomized control trial design typically used to evaluate pharmaceuticals, and many ethical issues arise if one seeks to modify diet for several weeks. Indeed, one of the important contributions that plant scientists could make to this field of study is to develop plant genotypes that have contrasting levels of bioactive compounds but are otherwise identical for the use in dietary intervention studies, as reviewed recently by Martin et al. (2011) .
The Alpha-Tocopherol, Beta-Carotene Cancer Prevention (ATBC) Study (The ATBC Cancer Prevention Study Group, 1994) and the Beta-Carotene and Retinol Efficacy study (Omenn et al., 1996b ) assessed the combinations of vitamin E and b-carotene, and b-carotene and retinyl palmiate on incidence of lung cancer in studies involving 29,133 and 18,314 smokers (or those with other enhanced risk factors). Contrary to expectations, both studies reported a higher incidence of lung cancer (28 and 17% respectively) for those taking b-carotene supplements (Albanes et al., 1996; Omenn et al., 1996a) . However, as a secondary endpoint, the ATBC study indicated a reduction in risk of prostate cancer with vitamin E. Two other studies of similar design, the Physicians Health Study and the Skin Cancer Prevention Study, involving 22,071 and 1805 volunteers, respectively, did not report any positive or negative effects on lung and skin cancer, although the volunteers in these studies were not of enhanced risk (Greenberg et al., 1996; Hennekens et al., 1996) . By contrast, an intervention trial in China provided evidence for a 21% reduction in stomach cancer and a 13% reduction in total cancer mortality following 5 years of supplementation with a combination of vitamin E, b-carotene, and selenium (Blot et al., 1993) . Based upon this study and the secondary results of the ATBC study, a randomized placebo controlled trial of selenium and vitamin E for prostate cancer prevention (SELECT) was undertaken involving 35,533 men. After more than 5 years, there was no evidence of any reduction in risk of cancer with the supplements, while the potential risk of type 2 diabetes appeared to be increased (Lippman et al., 2009 ). Thus, several large intervention studies have not provided evidence that dietary antioxidants can reduce incidence of cancer. This may be due to the precise dose and delivery system used for the compound of interest or the nature of the study population, or, maybe, these compounds lack the expected biological activity.
For smaller scale intervention studies, clinical endpoints, particularly with respect to cancer, are very challenging or probably not possible. The majority of studies are focused on assessing the effect of dietary interventions on biomarkers associated with CVD. These would include both biochemical markers, such as blood lipid profiles, pro-and anti-inflammatory cytokines, and physiological biomarkers, such as blood pressure and flow-mediated dilation of blood vessels. A combination of biomarkers can be integrated into overall estimates of cardiovascular risk with the use of widely accepted algorithms (British Cardiac Society; British Hypertension Society; Diabetes UK; HEART UK; Primary Care Cardiovascular Society; Stroke Association, 2005). While there have been studies that have considered a wide range of foods and their bioactive components, maybe the greatest body of work is concerned with dietary flavonoids. The diverse range of activity that these compounds exhibit in cell and animal models, combined with epidemiological studies, provide the background evidence to support such studies. A recent meta-analysis of 133 trials with flavonoids and flavonoid-rich foods suggested that foods such as chocolate and green tea and a limited number of soy products, which contain relatively high levels of different flavonoid subclasses, could have a beneficial effect on some CVD biomarkers. However, this review highlighted the methodological weaknesses that exist in trials reported up to now, such as small size of the majority of studies and poorly reported data from randomized controlled trials, although this should not be interpreted as lack of effectiveness (Hooper et al., 2008) . In addition to studies with flavonoid-rich foods, similar intervention studies have been undertaken that focus on other classes of natural products. Foods rich in b-carotene have been used in several studies to investigate how they could be used to alleviate vitamin A deficiency (van Jaarsveld et al., 2005; Low et al., 2007) and other carotenoids, such as lycopene, lutein, and zeaxanthin, to investigate effects on biomarkers of cardiovascular risk, DNA damage, inflammation, and macular degeneration (Chopra et al., 2000; Astley et al., 2004; Kopsell et al., 2006; Paterson et al., 2006; Beck et al., 2010) . There have also been several human intervention studies with cruciferous vegetables to attempt to obtain experimental evidence to support epidemiological data for the health promoting effects of these vegetables (Kensler et al., 2005; Al Janobi et al., 2006; Gasper et al., 2007; Traka et al., 2008; Li et al., 2009; Navarro et al., 2009a Navarro et al., , 2009b Yanaka et al., 2009; Brauer et al., 2011) . Systematic reviews of human intervention studies that have involved both carotenoid-rich and glucosinolaterich foods, as have been done for flavonoid-rich foods (Hooper et al., 2008) , would be timely.
Human studies also cast doubt on the antioxidant theory of biological activity of dietary phytochemicals. As commented above, human metabolism of phytochemicals can reduce greatly their antioxidant capacity as shown within in vitro cell studies. Several studies have also attempted to demonstrate that a polyphenol-rich diet results in an increase in plasma antioxidant capacity, but few, if any, have demonstrated a significant increase. This is due to two main factors: First, the endogenous phenolic, a-tocopherol, and ascorbate concentrations in the plasma range between 169 and 380 mM (Clifford, 2004) . The additional concentrations that can be obtained from dietary sources is relatively low, probably <1% from average diets and up to 5% for diets that are particularly rich in polyphenols (Clifford, 2004) . Moreover, these additional marginal increases are transient, and it is difficult to envisage how these changes might have a significant impact upon health. However, it is conceivable that in certain elderly populations in which the plasma ascorbate levels can become depleted, heavy consumption of tea and coffee may have a significant effect on plasma antioxidant activity. A more detailed critique of the biological relevance of direct antioxidant effects of polyphenols has recently been published (Hollman et al., 2011) . The biological activity of carotenoids is frequently attributed to their lipophilic antioxidant effects observed in cell and animal systems. Whether this is their main mode of action following normal dietary consumption within humans still remains to be elucidated. It now seems more likely that phytochemicals may have healthpromoting effects through more complex changes on cell signaling pathways leading to, for example, changes in expression of pro-and anti-inflammatory cytokines that can influence the risk of chronic disease, as is evident through research with model systems (Youn et al., 2006 (Youn et al., , 2010 and human intervention studies (Traka et al., 2008) .
While there are both biochemical and physiological biomarkers associated with risk of CVD that represent useful endpoints for dietary intervention studies, the same is not true for other forms of chronic disease, and this is a major limitation in the design of human intervention studies. It is inconceivable that it is possible to obtain data on the effects of a dietary intervention on primary cancer risk, as opposed to the use of supplements as described above, due to the required size of the studies to obtain appropriate power, their duration, and ethical issues concerned with altering diet, such as the complete removal of a certain food group from the control arm of the study. It is possible that dietary intervention studies could be adopted to assess the risk of reoccurrence of some cancers, such as bladder cancer and some forms of breast cancer that have relatively high reoccurrence rates. A similar strategy could be used to look at incidence of reoccurrence of other chronic diseases, such as inflammatory bowel disease after periods of remission.
While various biomarkers associated with CVD are accepted by the clinical community, there has been very little progress in identifying robust biomarkers for risk of other forms of chronic disease, such as cancer and cognitive decline. Biomarker development, either in the form of single biochemical traits or, for example, more complex metabolomic fingerprints of plasma and urine (Legido-Quigley et al., 2010) , is a major target of the biomedical community.
While many dietary phytochemicals may have positive effects upon health, there may also be negative effects. The ability of dietary phytochemicals to induce and/or suppress phase 1 and phase 2 metabolism may raise concerns that these compounds will interfere with drug metabolism, and certain examples of such activity are known. For example, the furancoumarin begamottin that is found in grapefruit is an inhibitor of certain cytochrome P450s, including CYP34A, which, in turn prevents the metabolism of statins that subsequently accumulate in the bloodstream and have detrimental effects (Girennavar et al., 2006) . Dietary polyphenols may also have negative effects on absorption of micronutrients. For example, phenolic compounds in the diet may complex with non-haem iron within the intestinal lumen making it unavailable for absorption. Thus, care should be taken when advocating a polyphenol-rich diet to certain sectors of the population, such as young women, who are frequently deficient in iron (Hurrell et al., 1999) .
Health claims for foods that may have modified levels of phytochemicals are regulated in the United States by the FDA and in Europe by the European Food Safety Authority (EFSA). The FDA's Code of Federal Regulations Title 21 section 101.14 of 2003 provides for four levels of claims based upon the extent of evidence, ranging from "significant scientific agreement for the claim" to "very limited and preliminary scientific for the claim." In Europe, the criteria to assess health claims arose from the transEuropean project PASSCLAIM (Process for the Assessment of Scientific Support for Claims on Foods) that led to EU regulations in 2006. Health claims for specific food components or proprietary products are submitted by the national government to EFSA who uses set criteria to assess the scientific validity of claims. Evidence of health benefits has to be derived from human intervention studies, while data from animal studies are used to provide evidence of the underlying mechanisms (Figure 2 ).
OPPORTUNITIES FOR THE PLANT SCIENTIST
What then should be the targets for the plant science community? One of the most valuable contributions will be the development of near isogenic genotypes of common foods that vary in specific phytochemicals that can be used within human intervention studies to ask specific questions concerning biological activity of different phytochemicals when provided not as supplements but within a common chemical and physical food matrix. The most notable approach to this is the manipulation of the phenylpropanoid and/or flavonoid pathways in tomato to develop fruits that have contrasting flavonoid compositions, including potentially all of the major subclasses of dietary flavonoids Luo et al., 2008; Martin et al., 2011) . This system has the advantages of targeting phytochemicals for which there is considerable circumstantial evidence for health benefits within a tractable system that is appropriate for human studies in contrast with the use of other plant model systems. While there has been some experimentation of these types of materials with animal models, the use of these in short-and longterm intervention trials with humans will potentially make a major contribution to our understanding of the dietary role of these compounds in a manner that is not feasible through further epidemiological and animal studies.
The ability to manipulate carotenoid levels, exemplified through the development of 'golden rice' (Ye et al., 2000) , has had greatest focus on expression of b-carotene to help alleviate vitamin A deficiency, but similar approaches could be used to modify levels of a range of carotenoids, such as phytoene, lycopene, zeaxanthin, and lutein, to assess their effect on biomarkers associated with, for example, CVD in a range of fruit and vegetable crops to investigate their potential health-promoting activity (Namitha and Negi, 2010) . Again, as with tomatoes and flavonoids, the development of a range of genotypes of a single species with contrasting carotenoid profiles would be of immense value to the nutrition research community, although the technological challenges in manipulating carotenoid biosynthesis may be considerable (Fraser et al., 2009) .
Sulfur-containing secondary metabolites are also appealing targets for manipulation. Evidence for the cancer-protecting effects of cruciferous vegetables remains strong (Kirsh et al., 2007; Lam et al., 2009) , and recent studies suggest that diets rich in these vegetable may also reduce the risk of CVD (Zhang et al., [See online article for color version of this figure. ] 2011). To what extent this effect is mediated by glucosinolates and their degradation products remains to be resolved. The biochemical genetics of glucosinolate biosynthesis and accumulation has been thoroughly explored in Arabidopsis (Sønderby et al., 2010) , and it has recently been shown it is possible to express these compounds, albeit at very low levels, in nonBrassicales species (Geu-Flores et al., 2009) . Although markerassisted selection approaches have been used to develop broccoli varieties with contrasting levels of glucosinolates (Mithen et al., 2003) , and these have been used in human intervention studies Traka et al., 2008) , there are conceivably many opportunities both to enhance and decrease their levels in cruciferous vegetables and salad plants via genetic modification approaches to test specific hypotheses concerning the glucosinolates themselves, as well as their degradation products. Likewise, sulfur compounds in Allium crops, such as onions and garlic, have been associated with health benefits (Griffiths et al., 2002; Ried et al., 2008) . The main focus of these compounds among breeding companies has been to develop cultivars with milder flavors partly through reducing the levels of certain volatile compounds, but similar approaches could be adapted specifically for exploring in a rigorous manner the health promoting activity of certain secondary metabolites which may not necessarily contribute to flavor.
